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It is widely known that spin-locking noise-spectroscopy is a powerful technique for the charac-
terization of low-frequency noise mechanisms in superconducting qubits. Here we show that the
relaxation rate of the driven spin-locking state of a qubit can be significantly affected by the pres-
ence of an off-resonant high-frequency two-level-system defect. Thus, both low- and high-frequency
defects should be taken into account in the interpretation of spin-locking measurements and other
types of driven-state noise-spectroscopy.
The field of gate-based quantum computing using su-
perconducting qubits is rapidly developing [1]. How-
ever, the realization of a fault-tolerant quantum com-
puter remains a challenging task: the implementation
of a reasonably robust logical qubit would require an
overhead of order 103 to 104 physical qubits with per-
gate error rates p ≈ 10−3 [2]. Lowering per-operation
error rates would significantly reduce the overhead re-
quirements, and, therefore, it is important to under-
stand noise-induced error mechanisms during free and
driven evolution of qubits. Free-evolution qubit relax-
ation has been extensively studied, and standard proto-
cols for measurements of energy relaxation and dephas-
ing rates — including spin-echo, Ramsey, and dynamical
decoupling methods — have been widely used [3–5]. As
for the decoherence of a superconducting qubit during
driven evolution, qubit relaxation mechanisms in Rabi
and spin-locking measurements were initially analyzed
in Refs. [3, 6]. The Rabi spectroscopy was later used
in experimental studies of noise characteristics in super-
conducting flux qubits [4, 7, 8], and in a qubit-fluctuator
system [9]. More recently, spin-locking spectroscopy has
been demonstrated to be a powerful tool for noise char-
acterization in superconducting qubits [10], which can be
used to detect low-frequency defects [10], distinguish be-
tween coherent and thermal photon noise [11], and mea-
sure low-frequency noises in multi-qubit systems [12, 13].
Spin-locking noise spectroscopy of a superconducting
qubit is based on the measurements of the qubit evolution
driven by a spin-locking pulse sequence originally devel-
oped in NMR studies [10]. In the Bloch-sphere represen-
tation in a rotating frame, a qubit state is associated with
a fictitious spin- 12 state, and a spin-locking measurement
is described by the sequence of three consecutive pulses
(−pi/2)Y − SLX − (−pi/2)Y . The first pulse rotates the
spin around the y-axis by a −pi/2 angle resulting in the
spin oriented along the x-axis. The second pulse — a
so-called spin-locking pulse — is a long pulse with the
variable amplitude and duration which is applied along
the x-axis. Driven by the spin-locking pulse, the spin
precesses around the x-axis at the Rabi frequency ΩR
(determined by the pulse amplitude), and, thus, the spin
is effectively “locked” along the x-axis. The third pulse
aligns the spin along the z-axis which allows one to mea-
sure the qubit state (e.g., by dispersive readout). In spin-
locking measurements, both the amplitude and duration
τ of the spin-locking pulse are varied, and, at a given
amplitude, the relaxation rate is extracted from an ex-
ponential fit of the qubit excited-state population decay,
Pe = (1+exp(−Γ1ρτ))/2. According to the model of gen-
eralized Bloch equations (GBE) [3, 6, 10], the relaxation
rate Γ1ρ and relaxation time T1ρ of the qubit driven-state
in the rotating frame (hence, the subscript symbol “ρ” is
used conventionally) are given by:
Γ1ρ =
1
T1ρ
=
1
2
Γ′1 + ΓΩ(ΩR), (1)
where the relaxation rate ΓΩ(ΩR) is related to the low-
frequency longitudinal noise at the Rabi frequency ΩR,
while the relaxation rate Γ′1 is usually assumed to be
determined by the high-frequency transverse noise at the
qubit frequency ωq (ωq ≫ ΩR) [3, 10, 11]:
Γ′1 ≈ Γ1(ωq) = (T1(ωq))−1, (2)
where T1 is the qubit energy-relaxation time. However,
it is known that the exact equation for Γ′1 is given by [6,
10, 14, 15]:
Γ′1 =
1
2
(Γ1(ωq − ΩR) + Γ1(ωq +ΩR)), (3)
and, therefore, Eq. (2) is valid only if Γ1(ωq) ≈ Γ1(ωq ±
ΩR). Equation (3) is usually disregarded, and results of
spin-locking measurements are interpreted as the charac-
terization of noise sources at low frequencies determined
by the Rabi frequency, since the term Γ′1/2 ≈ Γ1(ωq)/2
is not expected to depend on ΩR, and, moreover, the
condition ΓΩ(ΩR)≫ Γ1(ωq)/2 is fulfilled in many cases.
For example, spectral features observed in the MHz fre-
quency range in spin-locking experiments with a super-
conducting qubit were attributed to low-frequency fluc-
tuators [10].
In this Rapid Communication, we present results of
spin-locking measurements of a superconducting flux
qubit coupled to off-resonant high-frequency two-level-
system (TLS) defects. We observed spectral features in
2the driven-state relaxation time T1ρ which were caused by
the interaction between the qubit with the frequency ωq
and defects with the frequencies ωTLS matching the con-
ditions ωTLS = ωq −ΩR or ωTLS = ωq +ΩR. Thus, both
low-frequency and high-frequency noise sources should
be taken into account when interpreting results of spin-
locking noise-spectroscopy measurements.
Our sample is a capacitively-shunted (c-shunt) super-
conducting flux qubit embedded in a 3D microwave cav-
ity. Detailed information about the qubit design and
experimental setup can be found in Ref. [16]. In the
reported spin-locking experiments, a commercial high-
power microwave amplifier from Spacek Labs with a
gain of 40 dB was used to drive the qubit. The qubit
was measured by dispersive readout. The cavity fre-
quency was ωc/2pi ≈ 8.2185GHz, the cavity linewidth
was κ/2pi ≈ 1MHz, and the dispersive frequency pull
was 2χ/2pi ≈ 1.4MHz. The qubit frequency measured
as a function of the applied magnetic flux Φ is shown in
Fig. 1(a). The qubit frequency was ωq/2pi ≈ 4.330GHz
at the optimal flux bias point Φ = 0.5Φ0, where Φ0 is the
magnetic flux quantum. In a separate two-tone measure-
ment, the qubit anharmonicity was found to be about
0.8GHz. At the optimal bias point, qubit decoherence
times T2E ≈ 6µs and T2R ≈ 5µs were measured us-
ing spin-echo and Ramsey pulse sequences, respectively.
In comparison with previous measurements of the sam-
ple [16], the qubit frequency was slightly lower due to the
thermal cycling between the experimental runs, and the
reduction of decoherence times T2E and T2R was caused
by the low-frequency noise of the high-power amplifier.
The magnetic-flux dependence of the qubit energy-
relaxation time T1 is shown in Fig. 1(b). Variations of
the T1 values in the range 50–90 µs were related to the
temporal variations reported previously [16] which were
caused by quasiparticle tunneling [5, 17, 18] and a bath
of background TLS defects [19–21]. In addition, we ob-
served four pronounced dips which can be attributed to a
resonant coupling between the qubit and a subset of dis-
tinct TLS defects denoted as TLS-1, TLS-2, TLS-3, and
TLS-4. The dependence of the energy-relaxation rate
on parameters of a coupled qubit-defect system is non-
trivial [22–24]. Qualitatively, the presence of observed
TLS defects did not cause avoided crossings in the qubit
spectrum, and, hence, the qubit-defect couplings were
weak which was in contrast with the previous works on
strongly-coupled qubit-defect systems [9, 24–29].
Figure 1(c) shows the frequency of Rabi oscillations
at a given drive amplitude as a function of the applied
magnetic flux. The decrease of the Rabi frequency at
Φ ≈ 0.504Φ0 was probably due to the coupling to the
bath of high-frequency TLS defects. The dependence of
the Rabi frequency on the drive amplitude at the opti-
mal bias point Φ = 0.5Φ0 is shown in Fig. 1(d). The
non-linear behavior of ΩR at high amplitudes was caused
by the operation of the high-power microwave amplifier
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FIG. 1. (a) The qubit frequency as a function of the applied
magnetic flux. Dashed lines correspond to positions of TLS
defects determined from T1 measurements. (b) The energy-
relaxation time T1 of the qubit. Markers show approximate
positions of four TLS defects resonantly coupled to the qubit.
(c) The frequency of Rabi oscillations at a given drive ampli-
tude. (d) The frequency of Rabi oscillations at the optimal
bias point Φ = 0.5Φ0 as a function of the drive amplitude.
The black dashed line corresponds to a linear fit.
close to the 1dB compression point.
Results of spin-locking measurements at the optimal
bias point Φ = 0.5Φ0 are shown in Fig. 2. We used
two types of spin-locking pulse sequences. The first
one (labeled ’S1’) was the standard sequence (−pi/2)Y −
SLX − (−pi/2)Y , in which the qubit was in the state
|0〉x = (|0〉+ |1〉)/
√
2 (parallel to the x-axis) at the end of
the first pulse. Here, the states |0〉 and |1〉 are eigenstates
of the qubit Pauli operator σz with eigenvalues +1 and
−1 respectively. In experiments, we measured the prob-
ability to find the qubit in the excited state |0〉 in the
end of the spin-locking sequence. Figure 2(a) shows the
data set D↑ obtained using the S1 sequence. The second
sequence (labeled ’S2’) was the modified spin-locking se-
quence (+pi/2)Y − SLX − (+pi/2)Y , in which the qubit
was in the state |1〉x = (|0〉 − |1〉)/
√
2 (anti-parallel to
the x-axis) at the end of the first pulse. The data set
D↓ obtained using the S2 sequence is shown in Fig. 2(b).
For the both types of pulse sequences, rectangular pulses
were used. The pi/2-pulse duration was chosen to be long
(≈ 100 ns) to minimize spectral widths of the pi/2-pulses.
The amplitude and duration of SLX -pulses were varied.
Figure 2(c) shows the arithmetic mean P = (D↑+D↓)/2
which was used for estimations of the relaxation time T1ρ.
A distinct spectral feature was observed in spin-
locking measurements at the Rabi frequency ΩR/2pi ≈
51.3MHz [Figs. 2(a)–(c)]. We suppose that it was caused
by the coupling between the qubit and the TLS-3 de-
fect. Following Refs. [10, 24, 27, 30], we model the
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FIG. 2. Results of spin-locking spectroscopy at the optimal
point Φ = 0.5Φ0. (a) The data set D↑ represents results ob-
tained using the pulse sequence (−pi
2
)Y − SLX − (−
pi
2
)Y . (b)
The data set D↓ corresponds to results obtained using the
pulse sequence (+pi
2
)Y − SLX − (+
pi
2
)Y . (c) The arithmetic
mean P = (D↑+D↓)/2. (d) Driven-state relaxation of a cou-
pled qubit-defect system at the Rabi frequency of 51.3MHz.
Dots correspond to the traces taken from data sets shown
in Figs. 2(a)–(c) at ΩR/2pi ≈ 51.3MHz. The black dashed
line corresponds to the exponential fit of the data P with the
characteristic time T1ρ = 22µs. Solid lines represent results
of numerical simulations described in the text.
qubit-TLS system subjected to a microwave excitation
by the Hamiltonian H = Hq+HTLS+HI+HMW, where
Hq = (~ωq/2)σ
(1)
z is the qubit Hamiltonian, HTLS =
(~ωTLS/2)σ
(2)
z is the defect Hamiltonian, HI = ~gσ
(1)
x σ
(2)
x
is the interaction term, and HMW = ~ΩR cos(ωMWt)σ
(1)
x
is the microwave drive term. Here, σ
(1)
x,y,z (σ
(2)
x,y,z) are
Pauli operators for the qubit (the defect), g is the cou-
pling strength, and ωMW corresponds to the frequency of
the applied microwave drive. In the case of the resonant
driving (ωq = ωMW), the Hamiltonian can be written in
the rotating wave approximation:
HR/~ =
ΩR
2
σ(1)x +
∆TLS
2
σ(2)z +g(σ
(1)
+ σ
(2)
− +σ
(1)
− σ
(2)
+ ), (4)
where ∆TLS = ωTLS−ωq, and σ(1,2)± = (σ(1,2)x ±iσ(1,2)y )/2.
Using QuTiP package [31], we numerically simulated the
dynamics of the system in the rotating frame by solving
the Lindblad master equation for given energy-relaxation
rates Γ
(1)
1 and Γ
(2)
1 , and dephasing rates Γ
(1)
2 and Γ
(2)
2
of the qubit and the TLS defect, respectively (with the
corresponding collapse operators
√
Γ
(1)
1 σ
(1)
− ,
√
Γ
(2)
1 σ
(2)
− ,√
Γ
(1)
2 /2σ
(1)
z , and
√
Γ
(2)
2 /2σ
(2)
z ). Following Ref. [32], we
used the values Γ
(2)
1 = 10
6 s−1 and Γ
(2)
2 = 0 for the de-
fect relaxation rates, and, for simplicity, we assumed the
qubit was free of pure dephasing, Γ
(1)
2 = 0. To simulate
the S1 (S2) measurement, the defect was initialized in its
ground state in the laboratory frame, and the expecta-
tion value 〈σ(1)x 〉 as a function of the evolution time was
calculated for the qubit initial state |0〉x (|1〉x) and con-
verted to the corresponding value of D↑ = (1 + 〈σ(1)x 〉)/2
(D↓ = (1−〈σ(1)x 〉)/2). We found that the observed spec-
tral feature can be well reproduced using the following
parameters: ΩR/2pi = ∆TLS/2pi = 51.3MHz, the cou-
pling strength g/2pi = 28kHz, and the qubit energy-
relaxation rate Γ
(1)
1 = 1.5 × 104 s−1 [Fig. 2(d)]. Thus,
conditions of the Purcell-like effect were fulfilled in the
rotating frame: Γ
(1)
1 < g < Γ
(2)
1 . We assume that
the qubit effective dissipation rate can be roughly es-
timated as ΓP ≈ g2/Γ(2)1 ≈ 0.31× 105 s−1 [33, 34], which
is close to the relaxation rate value T−11ρ ≈ 0.45× 105 s−1
extracted from an exponential fit of the spin-locking
data P [Fig. 2(d)]. Therefore, the phase cycling proce-
dure described above — averaging the data sets obtained
using S1 and S2 sequences with alternating pulse phases
— is a valid method to obtain the information on the
driven-state relaxation rate. The T1ρ data, presented in
Fig. 3(a), was extracted from the signal P using expo-
nential fitting.
Besides the main feature at ΩR/2pi = 51.3MHz, var-
ious additional spectral features were observed at other
Rabi frequencies [Fig. 2(a)–(c) and Fig. 3(b)]. All fea-
tures can be divided into two groups based on their “po-
larity” that is defined by the relation between the steady
levels of the excited-state population D↑ and D↓ in S1
and S2 measurements, respectively. For “positive po-
larity” features, such as the one observed at ΩR/2pi =
70MHz in Figs. 2(a),(b), the condition D↑ > D↓ was ful-
filled. For those features, steady values of 〈σ(1)x 〉 in the
end of the spin-locking pulse were positive [35], which was
caused by the heating by defects with ∆TLS < 0 accord-
ing to our model [36]. Other features, such as the main
one observed at ΩR/2pi = 51.3MHz, can be attributed
to the “negative polarity” group for which the condition
D↑ < D↓ was realized. For those features, steady values
of 〈σ(1)x 〉 were negative, which was caused by the cooling
of the qubit by defects with ∆TLS > 0. It should be men-
tioned that the pure qubit state |0〉x (|1〉x) corresponded
to the excited (ground) state in the rotating frame with
〈σ(1)x 〉 = 1 (〈σ(1)x 〉 = −1), and, therefore, the steady spin-
locking state of the qubit without coupling to the TLS
defect would be a completely mixed state of |0〉x and |1〉x
states with 〈σ(1)x 〉 = 0.
Figure 3(a) shows relaxation times T1ρ as a func-
tion of the Rabi frequency at the optimal bias point
and the flux bias detuned from the optimal point by
δΦ = Φ − 0.5Φ0 ≈ 7.5 × 10−4Φ0. At the detuned
bias, the qubit frequency was 4.333GHz, and, hence, the
qubit frequency detuning was δωq/2pi ≈ 3MHz. In ad-
dition, Fig. 3(a) shows the values of (Γ′1/2)
−1 at the op-
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FIG. 3. (a) The relaxation time T1ρ of the driven qubit state.
Red dots represent T1ρ at the optimal bias point δΦ = 0 (the
qubit frequency was ωq/2pi ≈ 4.330GHz). Blue dots corre-
spond to T1ρ at the flux bias detuned from the optimal point
by δΦ = 7.5 × 10−4 Φ0 (the qubit frequency detuning was
δωq/2pi ≈ 3MHz). Black dots represent the estimated values
of (Γ′1/2)
−1 at the optimal bias point. Markers show spectral
features caused by the coupling between the qubit and TLS
defects in corresponding measurements. (b) Frequencies of
high-frequency TLS defects determined from T1 (black dots)
and T1ρ (red and blue dots) measurements. The horizontal
axis represents the frequency detuning ∆TLS = ωTLS − ωq.
Red dots correspond to spectral features inferred from the
T1ρ raw data obtained at the the optimal point [Fig. 2(a),(b)].
Blue dots represent defect positions determined from the T1ρ
raw data obtained at the detuned bias (not shown), with the
corresponding values ∆TLS being increased by the value δωq.
Dashed-line rectangles indicate spectral features caused by
the same TLS defect.
timal point. The relaxation rate Γ′1(ΩR) was estimated
from the data shown in Figs. 1(a),(b) using the equation
Γ′1 ≈ Γ1(ωq)/2 + Γ1(ωq + ΩR)/2 obtained from Eq. (3)
under the assumption Γ1(ωq − ΩR) ≈ Γ1(ωq) (here, we
neglected the contribution from defects with ∆TLS < 0).
At low Rabi frequencies, in accordance with Eq. (1), the
T1ρ time was dominated by the term Γ
−1
Ω (ΩR) due to the
low-frequency 1/f noise of the high-power amplifier. At
high Rabi frequencies, the relaxation time plateaued at
the value of 100µs which was below the baseline level of
(Γ′1/2)
−1. In this frequency range, the 1/f noise was not
dominant, and the difference between background values
of T1ρ and (Γ
′
1/2)
−1 was caused by other low-frequency
noises at ΩR, and by high-frequency TLS defects with
∆TLS < 0 and short relaxation times (broad spectra).
The pronounced features in the T1ρ data were caused by
the coupling between the qubit and high-frequency TLS
defects with long relaxation times (narrow lines). As ex-
plained above, the main feature observed at the optimal
point was attributed to the TLS-3 defect. At the de-
tuned flux bias, positions of spectral features related to
the defects with ∆TLS > 0 were shifted to lower Rabi
frequencies by the value of the qubit frequency detun-
ing δωq. Therefore, we identified the feature observed
at ΩR/2pi ≈ 45MHz at the detuned bias as the main
one corresponding to the TLS-3 defect [Fig. 3(a)]. As
shown in Fig. 3(b), there were some discrepancies in the
positions of TLS defects observed in T1 and T1ρ mea-
surements which could be caused by fluctuations of de-
fect frequencies [19–21]. In separate spin-locking mea-
surements, we found that positions of the spectral fea-
tures were not affected by in-plane magnetic fields of up
to 0.2mT, which indicated that the detected TLS defects
were charge defects.
In conclusion, we demonstrated that spin-locking mea-
surements of the driven-state relaxation of a supercon-
ducting qubit with the frequency ωq can be significantly
affected by the interaction with off-resonant TLS de-
fects with the frequencies ωTLS if one of the conditions
ωTLS = ωq ± ΩR is met. Although the qubit and defects
were nominally off-resonance in the laboratory frame
in our experiments, the Purcell-like regime of resonant
qubit-defect coupling was realized in the rotating frame
by driving the qubit with the spin-locking pulse. As a
result, the qubit relaxation was affected by the interac-
tion with the defects. Thus, in addition to the effect
of low-frequency noise sources reported previously [10],
spectral features in spin-locking measurements can be
caused by off-resonant high-frequency defects. Similar
effects can be observed in other types of driven-state
noise spectroscopy such as Rabi and rotary-echo mea-
surements [4, 7, 8]. The reported qubit-defect coupling
can be also interpreted in terms of Autler-Townes split-
ting of the qubit state as the interaction between the
defect and one of the qubit dressed states [37, 38]. Our
results demonstrate that spin-locking methods can be
used to couple a superconducting qubit to other quan-
tum systems with high-frequency transitions such as NV
centers in diamond [39]. Our work also shows that spin-
locking techniques can be used to determine the spectral
distribution of high-frequency defects in the vicinity of
the qubit frequency, which can be especially useful for
fixed-frequency qubits such as transmons.
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